Abstract In this paper, we show how the slide-to-roll ratio (SRR), the contact kinematics and the surface energy all have important effects on the elastohydrodynamic friction. As reported previously, diamond-like-carbon (DLC) contacts of the type DLC/DLC provide the lowest coefficient of friction, in particular those DLC materials with the lowest surface energies (three different DLC coatings were used in this study). A friction reduction of up to 48 %, compared to a steel/steel contact, was obtained. A surprising new finding from this investigation is that the friction in DLC contacts is significantly reduced for high SRRs, i.e. a difference of up to 27 % was measured in the DLC/DLC contacts when the SRR increased from 0.5 (rolling prevails) to 1.8 (sliding prevails). However, even more surprising is the effect of the SRR on the friction in mixed steel/DLC contacts, which is related to the contact design and its kinematics. We found that if the DLC is coated on the slower surface, a high SRR will not reduce the friction to any significant extent, typically about 5 %, and at most 13 %, compared to steel/steel contacts. However, a significant friction reduction is observed when applying a low-surface-energy DLC coating to the faster surface-on average about 20 % and as high as 33 %. In this case (a high SRR and DLC on the faster surface), mixed steel/DLC surfaces can experience a very similar friction as that seen for DLC/DLC contacts. Qualitatively, the same behaviour was found for both positive and negative SRR values.
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making it one of the key tribological issues in EHL contacts. Recently, it was found that DLC coatings can offer a significant friction reduction in EHL contacts, when compared to steel contacts, without any other change in the oil or the contact's operating parameters [1] [2] [3] [4] [5] [6] . Some recent studies using DLC coatings [1] [2] [3] [4] 7] , but also several previous studies with a variety of other types of materials and liquids [8] [9] [10] [11] [12] [13] [14] , showed that the reduction in the friction is strongly affected by the wetting and the surface energy. However, in the past, inconsistencies were often noted with respect to the effect of these two parameters. This contradiction was recently explained by the need for a ''spreading wetting'' concept for oils and the use of a spreading parameter as a measure of the wetting behaviour [15, 16] , instead of the more commonly used contact angle. It was found that the coefficient of friction correlates much better with this newly derived spreading parameter than with the contact angle. Moreover, another significant and necessary parameter for a properly designed DLC-lubricated contact was found to be the polar surface energy [4] , rather than the total surface energy, which was exclusively used for these correlations until now.
On the other hand, thermal effects were also suggested as a possible reason for the DLC's friction reduction, since DLC typically possesses a lower thermal conductivity than steel, which may reduce the viscosity and, as a consequence, the friction [6, 17] . However, in addition to the surface energy, wetting and thermal conductivity [1] [2] [3] [4] 6] , additional parameters or design rules that might further reduce the friction have not yet been reported. For example, contact kinematics and SRR should also play an important role in the tribological behaviour for the EHL regime, especially when considering a high or low shear of the fluid, i.e. whether the slide-to-roll ratio (SRR) is high or low. This is because sliding induces a much higher shear than rolling, and shear plays a crucial role in the rheology and the EHL friction regime [18] . However, past EHD studies indicated that friction can increase [19, 20] or decrease [2, 17] . For DLC contacts, Evans et al. [2] reported some reduction in the traction coefficient in a study up to SRR 1.0, while Björling et al. [6] concluded that there is negligible difference in the coefficient of friction for mixed steel/DLC contacts, but they only used low SRR values of less than 0.5. Therefore, in view of recent findings about the wetting effect in EHL friction, the influences of the shear and the contact kinematics still need to be better explored and determined in order to maximize the effect of the newly proposed concepts of wetting and surface energy in friction behaviour and its tailoring [5, 16, 17] .
The last, but not least, important question that needs to be considered in relation to contact kinematics is which surface within the contact should possess the poorer wetting behaviour: the faster, the slower or it does not matter? This is especially important if the SRR, and thus the fluid velocity distribution within the EHD film, is changing significantly. Some previous studies investigated only self-mated DLC/DLC contacts [17] , some only mixed steel/DLC contacts [2] and some both cases [1, 4, 6] ; however, a significant effect of the SRR or the contact kinematic conditions on the friction has not yet been reported in a broad range of SRR values and by systematically controlling the DLC surface velocity and DLC position, related to contact geometry and wetting properties.
However, it seems to be intuitive that a larger variation of the SRR, together with a variation of the DLC coating's position within the contact (slower, faster and both surfaces) and also a larger variation of the DLC surface energies, should have a measurable effect on the friction. Accordingly, this was set as one of the goals of this study.
We used three different DLC coatings with a distinctive variation in the polar surface energies, which control the wetting behaviour [15, 16] , and a broad range of SRR values (0.5-1.8) in the velocity region between 0.5 and 2.0 m/s, to find to what extent the position of the DLC coating within the contact is relevant and its effect on the elastohydrodynamic (EHD) friction. Selected tests were performed also to compare effects in positive and negative SRR regime.
Experimental

Materials and Oil
The samples used in this study were standard, mini-traction machine (MTM) test specimens, i.e. balls with a diameter of 19.05 mm and discs with a diameter of 46 mm (producer: PCS Instruments, London, UK) [21] made from DIN 100Cr6 steel (i.e. AISI 52,100). The hardness of the steel balls and discs was 800-920 HV and 720-780 HV, respectively, as reported by the producer. On some of these samples, we subsequently deposited selected DLC coatings.
Three DLC coatings with different structures and chemical compositions were chosen in order to provide different surface energies when wetting with the lubricating oil. We used non-doped, hydrogenated, amorphous DLC (denoted as a-C:H) and two different fluorine-doped, hydrogenated, DLC coatings (denoted as F-DLC1 and F-DLC2). The a-C:H coating was a typical, standard, nondoped, hydrogenated, amorphous DLC coating with a H content of 30 at.%. The first fluorine-doped DLC coating with a H content of 6 at.% and a F content of 19 at.% is denoted as F-DLC1. The second fluorine-doped DLC coating with a H content of 17 at.% and a F content of 12.5 at.% is denoted as F-DLC2. The deposition process and the main properties of the used DLC coatings are reported elsewhere [4, 15, 16] .
The roughnesses (R a and R q values) of all the test specimens (i.e. the balls and discs) were measured on a 3D optical microscope (Contour GT-Ko, Bruker) using whitelight interferometry. The R a and R q values are reported in Table 1 . The roughnesses of the DLC specimens were slightly increased (compared to the steel surface) after the deposition of the coating.
A synthetic polyalphaolefin (PAO) base oil (Exxon Mobil, Houston, USA) was used as the lubricant. Its viscosity is 69.2 mm 2 /s at 40°C and 10.4 mm 2 /s at 100°C, while its specific gravity is 0.836 at 15.6°C, as reported by the producer [22] . No additives were included in the base oil.
Surface Energy
The surface energies of the selected materials (i.e. the steel and the DLC coatings) were determined with the sessile drop technique (contact-angle measurements) using the Owens-Wendt-Rabel-Kaelble (OWRK) method [23] . The procedure for obtaining the surface energies is described in detail in previous studies [15, 16] . The tests were performed using a contact-angle goniometer (CAM 101, KSV Instruments, Helsinki, Finland) at ambient temperature (21 ± 1°C). Prior to the contact-angle measurements, the surfaces were rinsed with high-purity ethanol and dried in a stream of hot air.
Tribological Tests
All four selected materials (the steel and the three DLC coatings) were tested in four different types of contacts lubricated with the PAO oil. Denotation in this work is always ball-disc. The first type of the contact was a steel/ steel contact, which served as a reference. The other three contacts involving DLC coatings were: DLC_slow/steel (ball coated with DLC), steel/DLC_fast (disc coated with DLC) and DLC/DLC (ball and disc coated with DLC). The coefficient of friction was monitored during the tests. All the tests were performed at ambient temperature, i.e. 21 ± 1°C, and repeated several times (average values and standard deviations are reported in the diagrams). The test specimens (balls and discs) were cleaned in the same way as for the contact-angle measurement (see Sect. 2.2) before each test. The normal loading force was 35 N, corresponding to 1 GPa of Hertzian contact pressure, while the entrainment velocity varied from 500 to 2000 mm/s (with steps of 100 mm/s). Each step lasted 30 s, and the average value of the coefficient of friction was determined after reaching the steady-state value (usually after 2 s). The tests were performed at three different, positive SRRs, i.e. 0.5 (prevailing rolling conditions, Fig. 1a ), 1.0 (mixed rolling and sliding conditions, Fig. 1b ) and 1.8 (prevailing sliding conditions, Fig. 1c ) in order to simulate different contactvelocity conditions. The positive SRR value means that the disc velocity was always higher than the ball velocity, which in mixed steel/DLC contacts allows exactly the same contact conditions, with a variation of the surface properties only. Selected tests were performed also with the negative SRR of -0.5, -1.0 and -1.8 in order to evaluate/ exclude possible simultaneous effect of contact (sample) geometry and material properties on friction results. The SRR is defined as the ratio between the sliding and the entrainment velocity (see Fig. 1 ).
In order to determine the lubrication regime, the Tallian parameter was calculated [24] .
The roughness values for the balls and discs in Eq. (2) are reported in Table 1 , while the minimum film thickness was calculated according to the set experimental parameters (load, speed, contact geometry, etc.) using the HamrockDowson equation [25] .
From the calculated values for the Tallian parameter, which is always above 5, we can conclude that all the tests were performed in the EHD lubrication regime. 
Surface Energy
The surface energies of selected surfaces are presented in Fig. 2 . The steel surface provides the highest surface energy, i.e. around 56 mJ/m 2 . A slightly lower surface energy is provided by the a-C:H coating (i.e. 52 mJ/m 2 ), while the lowest surface energy is provided by both the fluorine-doped DLC coatings, i.e. F-DLC1, with a surface energy of approximately 45 mJ/m 2 , and F-DLC2, with a surface energy of approximately 22 mJ/m 2 . Furthermore, the a-C:H coating provides twice the lower polar component of surface energy (7.6 mJ/m 2 ), compared to the steel surface (14.4 mJ/m 2 ), while for the F-DLC1 coating, the polar component of the surface energy is four times lower (3.3 mJ/m 2 ). The F-DLC2 coating has an almost negligible polar component of surface energy (below 1 mJ/m 2 ). In agreement with the above results, the selected DLC coatings provide poorer spreading wetting and weaker interactions with the lubricating oil due to the lower total surface energy and, especially, the lower polar surface energy, as described in detail elsewhere [4, 15] .
Coefficient of Friction
The coefficient of friction as a function of the entrainment speed and the SRR for different DLC coatings and variations of the contact kinematics, i.e. the position of the DLC coating for the slower, faster or both surfaces, is shown in Figs. 3, 4 and 5. First, it should be noted that the coefficient of friction always decreases with an increase in the entrainment speed, irrespective of the SRR, the contact kinematics or the coating type, which is a well-known thermal effect of the liquid shear thinning, and has been reported in many previous studies using this type of tribotester [2, 4, [26] [27] [28] [29] . Furthermore, regardless of the DLC coating type (compare Figs. 3, 4, 5) and the SRR (compare charts a-c within the same figures), we can see that the highest coefficient of friction is always obtained in the steel/steel contact, while the DLC/DLC contacts always provide the lowest coefficient of friction. On the other hand, both contacts with one steel surface and one DLC surface, i.e. the DLC_slow/steel and the steel/DLC_fast, provide coefficient-of-friction values that are always just in between the steel/steel and the DLC/DLC contacts. These results are thus in agreement with previous studies on DLC coatings in the EHL regime [1, 4, 6] .
However, a comparison of the contacts where the DLC coating is on the slow surface (DLC_slow/steel contact) and the where DLC coating is on the fast surface (steel/ DLC_fast contact) gives new, important information and an insight into the friction behaviour. Namely, the friction depends significantly on whether the DLC is coated on the slower or the faster surface within the contact, which is true for all DLC coatings (Figs. 3, 4 , 5) and for a variety of SRR values (figures a-c).
The effect of the SRR, however, depends on its magnitude. From Figs. 3a, 4a and 5a , where the SRR is low, i.e. 0.5, we can see that there is a negligible difference in the coefficient of friction between the DLC_slow/steel and the steel/DLC_fast contacts (the curves almost overlap). On the other hand, when the SRR increases to 1.0 (see Figs. 3b, 4b, 5b), the difference in the coefficient of friction between the DLC_slow/steel and the steel/DLC_fast contacts becomes significant. Finally, the difference in the friction for the mixed steel/DLC contacts becomes very pronounced and obvious when the SRR is very high, i.e. 1.8 (see Figs. 3c, 4c, 5c) . Moreover, at the highest SRR values, the friction in the contacts with the slow DLC surface (DLC_slow/steel) becomes similar to the steel/ steel, while in the contacts with the fast DLC (steel/ DLC_fast), the friction becomes similar to the DLC/DLC values. Figure 6a presents, for all three coating types (at an intermediate entrainment speed), the reduction in the friction relative to steel/steel contacts in the case when the DLC coating is on the slow surface (DLC_slow/steel), and in Fig. 6b for the case when the DLC coating is on the fast surface (steel/DLC_fast). It is clear that having a DLC coating on the fast surface (Fig. 6b) is much more effective, achieving a friction reduction of up to 33 %, compared to the opposite contact design (Fig. 6a) , where a maximum of only 13 % can be obtained. The values depend on the coating type and the SRR and can be almost negligible in the case of a slow DLC surface. Moreover, in the case of the DLC coating being on the slower surface (DLC_slow/steel), an increase in the SRR even has a negative effect on the friction reduction (see the decreasing trend in Fig. 6a) , while in the case of the DLC coating being on the faster surface (steel/DLC_fast), an increase in the SRR promotes a friction reduction (see the increasing trend in Fig. 6b ). It should be noted, once again, that exactly the same phenomena were found for all three types of DLC coatings, i.e. a-C:H, F-DLC1 and F-DLC2. However, in agreement with our previous studies [1, 4] , the lower the surface energy and the polar component of the surface energy of the DLC coatings, the lower is the coefficient of friction. This can be clearly seen in Fig. 6b , where irrespective of the SRR values, the greatest friction reduction is observed for F-DLC2, followed by F-DLC1 and then a-C:H coating, in agreement with their surface energies, Fig. 2 . Figure 7 shows, for self-mated steel/steel and DLC/DLC contacts (at an intermediate tested entrainment speed), how the polar surface energy and the SRR affect the friction in these EHD contacts. It is clear that, similar to the case of a fast DLC surface in a mixed steel/DLC_fast contact, the coefficient of friction decreases with a decrease in the polar surface energy and an increase in the SRR.
Discussion
Some new and very important findings relating to the friction behaviour in EHD contacts when using DLC coatings were obtained in this work. Moreover, earlier findings [1-4, 6, 17] , that DLC coatings always reduce the EHD friction, which is the most pronounced if both surfaces in contact are coated (DLC/DLC) [1, 4, 6, 17] , were confirmed.
(i) The effect of the SRR in a very wide range, i.e. from prevailing rolling (SRR = 0.5) to prevailing sliding (SRR = 1.8), contacts was investigated as a possible key design parameter to affect the EHD friction. While previous results with the variation of SRR were not very explicit [2, 6, 19, 20] , it turned out in this work (with variation in larger range) that SRR is very important DLC contact design parameter. This is true for all the DLC coatings used. It is clear that a higher SRR, meaning more sliding and more shear within the liquid (oil) itself and between the liquid and the surfaces, results in a larger friction reduction, which was up to 48 % for the DLC/DLC contacts (Fig. 7) and 33 % for the mixed steel/DLC contacts when the DLC was on the faster surface (Fig. 6b) . This finding agrees with the concept of poor interactions between the oil and the surface, if the polar surface energy is very low, which promotes slip at the interface due to a lack of the stronger polar surface forces [4] . This is similar to what we intuitively understand and see in everyday life, for example on a Teflon (PTFE) pan surface with a water or oil droplet. (ii) The second very important result from this work is that there is a proper contact design that will affect the EHD contacts when using surfaces with different wetting properties. This is based on the fact that there is a significant impact on the friction when a low-surface-energy and poor-wetting DLC surface is coated on the faster or slower surface in the contact. Figure 6 shows that the difference between the two contact designs (DLC on the faster or slower surface) is up to 22 % at the highest SRR of 1.8. For clarity, Fig. 8 schematically plots the relative effect of the contact design by selecting the velocity of the poorly wetted (DLC) surface for controlling the EHD friction.
What is more, the results also show (Figs. 3, 4 , 5) that quite a significant friction reduction can be achieved, even in the steel/DLC contacts (not just DLC/DLC)-but only if the contact is properly designed, i.e. with the DLC on the faster surface. Namely, the steel/DLC_fast contacts (with a-C:H and F-DLC1) were only 5-7 % less effective than the well-known and often-proved low-friction DLC/DLC contacts [1, 4, 6, 17] . However, this slightly lower efficiency in terms of the friction reduction in the steel/ DLC_fast contacts may be cost-effective in the case that DLC/DLC contacts are impractical, for example, due to geometrical restrictions. Although with the extreme friction-reducing coating, i.e. F-DLC2, the difference compared to DLC/DLC is slightly larger (about 15 %), this behaviour is still greatly pronounced and represents another significant technological and application-relevant piece of information resulting from this study.
(iii) In relation to the effect of the SRR on the conditions and tribological performance in the EHL contacts, some earlier studies also pointed out the importance of positive and negative SRRs in the EHL, and a lower film thickness was observed with a negative than with a positive SRR [30] . Although it was concluded that the reason for the film-thickness asymmetry is unknown, and maybe attributed to the slip within the fluid or the thermal effects of the insulating glass disc (vs. steel ball), the thermal aspect was more elaborated. It was calculated that when the conductive steel ball rotates at a very high, negative SRR, most of the frictional heat (95 %) transfers to it, which leads to the large isolating effect of the glass disc, with only 5 % of heat dissipating into the isolating disc. It was thus hypothesized that this, in turn, affects a higher surface temperature increase, and thus a larger viscosity decrease for a negative SRR than for a positive SRR, where the heat partitioning between the isolating disc and the steel ball is 50:50 [30] . This case is especially relevant to the current study since the reported heat conductivity of the glass was 1.5 J/mK, which is almost the same as a typical DLC coating [31] [32] [33] . Moreover, a similar hypothesis on the thermal aspects and a reduction in the viscosity, and consequently, a friction reduction due to the DLC isolating effect was also suggested recently by Björling et al. [17] for EHL contacts.
To verify this point in terms of the current study, we have performed a set of experiments with F-DLC2 by also using negative SRR values (-0.5, -1.0 and -1.8), and as with the positive SRR, employing a variation of the DLC coating on both the ball and the disc. With this we have ensured all possible contact kinematics variations, with controlled and separate effects of the sample geometry and the wetting/surface energy, preventing possible systematic errors due to the test geometry, and not related to the surface material itself.
The results presented in Fig. 9 provide very important findings. Namely, it should be stressed that, as with the positive SRR (Fig. 5) , when the negative SRR experiments were performed, the friction was also much lower when the DLC coating was on the faster surface, i.e. the ball in this case, than when the DLC was on the slower surface, i.e. on the disc (about 28 % at 1.8 SRR, Fig. 9c ). This therefore proves that whether the faster surface is the disc (Fig. 5) or the ball (Fig. 9) , the friction is always lower on the fast DLC-coated surface.
These results, with the controlled and separated effect of the test geometry, the contact operating conditions and the DLC coating position, therefore directly show that the hypothesis of the thermal insulating effect, which is closely related to the contact (sample) geometry [30] , is not the most decisive factor for friction reduction, rather the speed of the DLC surface prevails when determining the friction reduction.
Furthermore, Fig. 9 also shows that, while a negative SRR typically provides a lower friction than a positive SRR (Fig. 5) , it is very obvious that with respect to the relative ranking among the different contact-material configurations, kinematics and SRR, the effect on the friction remains qualitatively exactly the same as with a positive SRR.
In addition, Fig. 10 shows, for the same speed and SRR (absolute value), an almost threefold difference in the friction depending on the contact configuration, even with the same DLC coating, just depending on the contact design. What is more, these results also show that it is possible for mixed steel/DLC contacts with different kinematics and position of the DLC coating to achieve a lower friction with a positive SRR or negative SRR. Note that (3?) has a lower friction than (2-), and (3-) has a lower friction than (2?), Fig. 10 .
Accordingly, the contact configuration with the proper selection of DLC coating on a faster surface with a high SRR thus ultimately prevails over the effect of a positive or negative SRR.
(iv) The final crucial parameter for friction reduction, which was suggested already in a previous study [4] , is the wetting of the oil-surface interface and the (polar) surface energy of the DLC coatings being used. With the proper selection of the polar surface energy of the DLC coatings for a particular oil, where a low spreading parameter is obtained [4, 15] , a substantial, up to 33 %, lower friction was measured in our study-only based on a selection of different DLC coatings. Although at present, it is still not completely clear whether this effect is partly due to other phenomena, such as thermal effects [6, 17] , the current experiments did not provide obvious supporting evidence for these, but show a good experimental correlation between the surface energy, the wetting and the friction force as with some other previous macro-[ 1-4, 8, 10] and nanoscale [13, 14, [34] [35] [36] [37] studies. To summarize, Fig. 11 shows the composite effect on the friction of the whole range of parameters from this study, including the SRR, the polar surface energy and the contact design, separately for mixed steel/DLC (Fig. 11a) and self-mated DLC/DLC (Fig. 11b) contacts. The results in Fig. 11a clearly show the advantage in terms of friction reduction in having a coated faster instead of slower surface in mixed steel/DLC contacts, which is at the same time promoted with a higher SRR. The effect of the DLC polar surface energy is also well illustrated and is even more obvious in the DLC/DLC contacts, see Fig. 11b .
Conclusions
1. DLC/DLC contacts provide the lowest coefficient of friction, with reductions as large as 48 % vs. steel/steel being obtained. 2. The SRR was found to be a relevant design parameter for the reduction in friction. A reduction of up to 27 % in the coefficient of friction was measured in the DLC/ DLC contacts when the SRR increased from 0.5 to 1.8.
3.
A proper contact design has a significant impact on the friction for mixed steel/DLC contacts, showing that when a poor-wetting surface is coated on a faster surface (instead of on a slower one), an up to 22 % lower coefficient of friction is observed for high SRR values. 4. A significant friction reduction can be achieved if the mixed steel/DLC contact is properly designed. A steel/ DLC_fast contact can be as little as 5-7 % less effective than a DLC/DLC contact and thus may be a practical alternative in situations where a DLC/DLC contact is not possible. 5. The wetting of the oil-surface interface and the (polar) surface energy of the DLC are crucial parameters for friction reduction. An up to 33 % lower friction was measured in our study-based only on the selection of different DLC coatings. 6. Qualitatively, the same phenomena are observed in both positive and negative SRR regimes. Moreover, for mixed steel/DLC contacts with different kinematics and position of the DLC coating, it is possible to 
